Radioactivity concentrations of 137 Cs in seawaters and bottom sediments have been measured in the coastal waters off all nuclear power plant sites in Japan. Sediment distribution coefficient (K d ) values obtained before the Fukushima Daiichi Nuclear Power Plant accident were variable and related to the specific surface area of the bottom sediment. A mathematical model suggested that before the accident the K d values were in the transient state approaching a dynamic equilibrium with a converged K d value of 1000-1600. Based on a post-accident mathematical model, the apparent K d reached the maximum of about 10 4 and then decreased until now, converging to 6 × 10 3 on average.
Introduction
All nuclear power plants in Japan are located in alongshore areas. Coastal areas off these plant sites are basically a dynamic environment characterized by continuous supply of suspended matter from rivers, bottom sediments, and biological activities, and vigorous water mixing in both vertical and horizontal directions. Once pollutants such as artificial radionuclides are released to these areas, the fates of the nuclides are expected to be complicated accordingly. Due to the proximity of the plants to populated areas, the safety with respect to routine and accidental releases of radioactivity has been of great concern to not only close-by residents but also society at large.
Ocean monitoring program to monitor level of artificial radionuclides in coastal waters around Japan (hereinafter regular monitoring) has been carried out since 1984 by the Marine Ecology Research Institute (MERI) under contract with the Ministry of Education, Culture, Sports, Science and Technology. In March 2011 after the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident, comprehensive monitoring (hereinafter extended monitoring) was added to the program and has been carried out in the waters off Fukushima and nearby prefectures. In April 2013, control of the program was taken over by the Secretariat of the Nuclear Regulation Authority (NRA) of Japan. Targets of the monitoring program have been radioactivity in seawaters and bottom sediments.
During the almost 35 years of the monitoring, two nuclear accidents occurred: the Chernobyl Nuclear Power Plant (NPP) accident in 1986, which had only limited impacts on the Japanese environment, and the FDNPP accident in 2011. The regular monitoring provides an indispensable data set for the assessment of radioactivity in the marine environment before the FDNPP accident. And since the accident, the extended monitoring data together with those of the regular monitoring shed a light on the accident impacts on the marine environment and their temporal change.
The concentration ratio of an element in bottom sediments to that in overlying water, the sediment-water distribution coefficient (K d ), has been used in radiological assessment models in aquatic systems including freshwater and marine systems. The values have been estimated based on different methods such as field observations and laboratory experiments; basically, samples were collected once in field observations (e.g. [1, 2] ) and laboratory experiments were carried out on a limited time scale of hours to weeks [1, 3] , or at most months [4] . Stable elements and their artificial radioactive isotopes, that have been introduced since the 1940s, are expected to be distributed in bottom sediments differently; a significant amount (~ 80%, IAEA, 2004) of the stable nuclides in sediments exists as a non-exchangeable, immobile fraction, while most of the artificial radioactive nuclides in sediments are in a mobile fraction and able to undergo an exchange reaction with those in seawater. The recommended K d values presented in the Technical Report Series No. 422 [5] vary significantly and that reflects not only the different methodologies used, but also other factors such as chemical and physical characteristics of sediments, hydrological and oceanographical settings, and proximity to contamination sources. Results from the above-mentioned monitoring program, however, give researchers a great opportunity to evaluate K d values based on the systematic sampling scheme for more than three decades at fixed sampling sites around Japan. In addition, the FDNPP accident would allow quantification of K d variation in variable situations such as the equilibrium condition, identification of the maximum impacts of the accident on the water-sediment system, and clarification of the recovery process to the pre-accident level.
In this paper, temporal changes of 137 Cs concentration in seawater and bottom sediment samples are presented based on the data obtained during the monitoring program (March 1984-January 2018); an emphasis is placed on the relationship between seawater and sediment 137 Cs concentrations. Discussion on spatial and temporal variations of the K d values follows.
Experimental
Details of monitoring and measurement of 137 Cs concentrations for the regular monitoring have been reported previously [6] [7] [8] . Briefly, monitoring of seawaters and bottom sediments for artificial radionuclides in the coastal waters off nuclear power plants started in 1984. The samplings have been carried out once a year at 15 areas which each had (Fig. 1a ). Surface seawater (0-1 m water depth) and bottom seawater samples (mostly ca. 10 m above the seafloor) were collected at each site. Water samples in intermediate depths were also collected at the sites with a greater water depth (> ca. 100 m). Activities of 137 Cs in seawaters were obtained mainly by beta ray measurement after separation and purification with ammonium molybdophosphate (AMP) and chloroplatinate. Some samples were measured by gamma spectrometry after separation and purification with AMP. Since the FDNPP accident, only gamma spectrometry has been used. Bottom sediments were taken using a box corer, and a surface layer of 3 cm thickness (designated as surface sediment) was retrieved for analysis by gamma spectrometry.
Quality of the data was guaranteed at least once a year based on calibration of the gamma ray spectrometers by using the certified reference material provided by the Japan Calibration Service System. In addition, that was also routinely monitored every a few weeks by using in-house substandard materials. Uncertainties of the data were estimated based on counting statistics of 1 σ. The detection limits were calculated to be three times of a value of the counting statistics error.
From the 2011 FDNPP accident to present, the extended monitoring has been carried out in the waters off Fukushima and near-by prefectures ( Fig. 1b ). In the early stage of the monitoring (March-August 2011), sampling sites were limited. Since September 2011, 32 sites have been set where surface and bottom seawaters, and surface sediments have been collected four times a year. Details of the extended monitoring have been given in the literatures [8] [9] [10] [11] [12] .
Results and discussion
The data obtained by the monitoring program have been reported to the related governmental authorities as official printed documents written in Japanese every year by the MERI. Since the accident, the data derived from the extended monitoring have been uploaded as well on the NRA website [13] as soon as they became available. In the meantime, some of the data have been published in the scientific journals [6] [7] [8] [9] [10] [11] [12] 14] . The data presented in the following sections were derived from the scientific journals and the official documents. Those in the documents were compiled in Supplementary Tables S1-S4 with relevant parameters unless they have been published elsewhere in scientific journals.
Temporal changes of activity concentrations of 137 Cs in surface and bottom seawaters
Prior to the Chernobyl NPP accident in 1986, reported 137 Cs activity concentrations in the surface water samples ranged from 3.3 to 5.6 mBq L −1 with an average of 4.1 mBq L −1 [8] . After the Chernobyl accident, 137 Cs concentrations in the surface water samples increased to a maximum of 10 mBq L −1 . In the following year, 1987, the 137 Cs activity concentrations returned to the level of previous years, 3.3-4.8 mBq L −1 . Since then, the concentrations have decreased exponentially; they were in a range of 1.1-1.9 mBq L −1 with an arithmetic mean of 1.5 ± 0.2 mBq L −1 as of May-June 2010.
The 137 Cs activity concentrations in the bottom water samples are plotted in Fig. 2a . Their temporal trend was similar to that of the surface water except for the year 1986 when the impact of the Chernobyl accident did appear for the surface water, but not in the bottom water. Geographical variation of the concentrations among the sites has been reflected at the sampling depths; deeper waters had lower concentrations due to the intrusion of deep water from the open ocean with lower concentrations. Overall, the concentrations had steadily decreased with time prior to the FDNPP accident. The arithmetic mean of 137 Cs activity concentrations in the bottom seawater samples was 4.3 ± 0.4 mBq L −1 in 1984 and it had decreased to 1.4 ± 0.3 mBq L −1 in 2010.
Following the accident at the FDNPP, 137 Cs concentrations in surface seawater jumped up several orders of magnitudes. For example, April 15, 2011 had the highest value in the extended monitoring (186 Bq L −1 ) for surface water sampled about 30 km from the accident site [9] ; that was a five orders of magnitude increase from the pre-accident value of 1.6 ± 0.3 mBq L −1 (averaged over the 2006-2010 period for data off the Fukushima coast). After that, the concentrations decreased exponentially until around September 2011, following a declining trend at a slow rate [9, 12, 14, 15] . As of June 2018, the arithmetic average of 137 Cs in surface seawater was 2.3 ± 0.3 mBq L −1 in the areas marked Miyagi, Fukushima 1 and 2 and Ibaraki in Fig. 1a . The concentrations of 137 Cs in the bottom water followed the same trend as surface water to a lesser extent ( Figs. 2a, 3a) . The arithmetic means of concentrations of 137 Cs in surface and bottom seawaters in the extended monitoring were 1.92 and 1.86 mBq L −1 as of January 2019, respectively ( Fig. 3a ). Continuing input of 137 Cs from the accident site has been reported [12, 16, 17] . The higher concentrations than the pre-accident values as of 2018 should be ascribed to this continuous release from the accident site.
Temporal changes of 137 Cs activity concentrations in bottom sediments
While the 137 Cs activity concentrations in the bottom sediments have a much wider geographical variation than those in bottom seawater, reflecting wide variation of physical and chemical characteristics of the sediments such as grain size and organic matter content among others which may affect the sediment 137 Cs concentrations [e.g., 12], their temporal changes showed a similar declining trend in bottom seawater ( Fig. 2a ). On the basis of geometric mean, the concentration declined from 2.9 Bq kg −1 in 1984 to 1.8 Bq kg −1 in 2010. No elevated concentration of 137 Cs that originated from the Chernobyl accident in 1986 was observed in the sediments. Figure 2b indicates the temporal trend of 137 Cs in bottom sediments in the coastal areas around Japan. Three areas (Miyagi, Fukushima, and Ibaraki) close to the FDNPP accident site increased by a maximum of two orders of magnitudes, and this increase appeared later than that of bottom seawater. And their declining rates were much slower than those for bottom seawater. In Fig. 3b , trends based on more detailed sampling, i.e., the extended monitoring, showed that in less than one year after the accident, the 137 Cs concentrations in the sediments reached the maximum of 580 Bq kg −1 [10] . After that, the concentrations, in general, decreased with time. The declining trend seemed to be ongoing as of January 2019. Kusakabe et al. [11] analyzed the declining trend showing that abundance of 137 Cs in the surface sediments collected in the extended monitoring area ( Fig. 1b ) decreased from 4.57 × 10 13 Bq in September 2011 to 1.09 × 10 13 Bq in February 2016 with an effective half-life of 2.3 year. However, the declining rates at each site varied significantly. They depended on grain size of the sediments: that is, 137 Cs in sediments with larger grain size have been decreasing faster than those with smaller grain size.
Effective half-life of 137 Cs in surface and bottom seawaters and bottom sediments before the accident
The declining trend of 137 Cs concentrations in surface and bottom seawaters and bottom sediments shown above was quantified based on the assumption that the 137 Cs concentrations decrease exponentially with time, i.e., where C s , C s0 , γ, and t are measured 137 Cs concentration (Bq L −1 or Bq kg −1 ), initial 137 Cs concentration, decrease rate (year −1 ) and time (year), respectively. Equation (1) was fitted to the data obtained from 1984 to 2010 to evaluate γ. An index for the declining trend can be expressed as an effective half-life, which was calculated as follows.
Effective half-life of 137 Cs in bottom water was calculated to be 17.3 year on average in the range from 12.8 to 25 .0 year in bottom waters in all the monitoring areas (Table 1) . Relatively short half-lives were estimated from the Miyagi, Fukushima, and Ibaraki areas; they ranged from 12.8 to 17.4 year. Long effective half-lives of more than 20 year for bottom waters were obtained for Hokkaido and Niigata areas, which are in the northern part of the Japan Sea. Analyzing the data obtaining in 1983-2016, Takata et al. [8] ascribed their long half-lives to the prevailing slow exchange of water with the surrounding areas.
Effective half-life of 137 Cs activity concentrations in the surface water of 16.5 ± 0.9 year has also been estimated in the open ocean from the 1950s to the 1990s for the western North Pacific in the middle latitudes [18] . The temporal trend of 137 Cs activity concentrations in coastal seawaters is assumed to be controlled by physical processes in the open ocean because: (1) the declining trend of surface 137 Cs activity concentration in the open ocean is mainly controlled by physical decay and vertical mixing [19] ; (2) Table 1 ). Due to possible biological activity in the sediments the surface 137 Cs may have been trasported down to the deeper layer leading to reduction of 137 Cs concentration in the surface sediments. Thus, the effective half-lives may be calculated to be smaller values in sites where the biological activity is vigorous. Kuakabe et al. [11] , however, studied the vertical profiles of 137 Cs in the sediments in the waters off Fukushima prefecture and suggested that downward transportation of 137 Cs in the sediments by biological activity does not play a significant role in the post-depositional distribution of 137 Cs.
A comparison was made between effective half-lives in bottom seawater and surface sediment in Fig. 4 . The effective half-lives in bottom sediment samples were longer than in seawater samples, deviating from a 1:1 line. Averages of 137 Cs in bottom waters and sediments in the coastal water around Japan were 17.3 and 23.6 years, respectively ( Table 1 ). The data on the effective half-lives from the Pacific sites and Japan Sea sites did not differ significantly from each other. The long-term monitoring, thus, implied the marine system around Japan in general has not been in equilibrium and exchange of 137 Cs has not been reversible and instantaneous on a long-term basis. A lack of equilibrium may lead to a temporal change in K d values as discussed in the sections below.
Sediment distribution coefficient (K d ) in the coastal waters
The K d value is defined as the ratio of concentration per mass of particulate matter to concentration per mass or per unit volume of water [5] . In principle, K d can be evaluated only in a closed system which contains well-mixed seawater and sediment, both in equilibrium, i.e., no changes of concentration with time. However, such a situation is hardly to be found in nature, especially in coastal waters which are characterized by such conditions as a high load of suspended particles derived from biological activities, river runoffs and resuspension of sediments, and vigorous water mixing (vertical and horizontal). While K d values evaluated on the basis of field observations of stable elements and naturally occurring radionuclides may be reliably assumed to be values under the equilibrium condition, those for artificial radionuclides are seldom for the equilibrium condition; inputs of artificial radionuclides to the marine environment have been geographically scattered and sporadic for the last eight decades. Hereafter, two kinds of sediment distribution coefficients are used, K d and K d(a) ; the former is used for the pre-accident situation, which can be regarded to be under a quasi-equilibrium (see the following sections for detail), and the latter is an apparent K d that is used for the post-accident situation and may not follow the assumptions inherent in the theoretical K d definition that the equilibrium and/or that the exchanges are wholly reversible and instantaneous [20] . If K d for the system under the equilibrium condition is known beforehand, K d(a) calculated for the system later could serve as a measure of departure from the equilibrium, and it may be of help for establishing a time scale for the system to be restored to its original state. 
Geographical variation of K d
The K d values were calculated for all the sites for the regular monitoring ( Fig. 1a) prior to the FDNPP accident from 1984 to 2010, and summarized in Table 2 and Fig. 5 . They ranged quite widely from 175 at Shizuoka to 7541 at Aomori; the K d geometric mean and median were 923 and 719, respectively. One of the reasons for a greater than 40-fold variation in K d might be physical characteristics of the bottom sediments. He and Walling [21] demonstrated a quantitative relationship between adsorbed 137 Cs on soil particles and the particle surface area. Thus, K d is expected to be closely related to the grain size expressed as specific surface area of the sediment.
Physical characteristics of the bottom sediments expressed as (silt + clay) contents and specific surface areas were quite variable among the monitoring sites compared to their temporal changes at each site (Tables 3, S5 ). For example, (silt + clay) contents varied from 1 to 100% in the sediments in the coastal waters. Even in a same sampling area, the contents varied significantly. Accordingly the specific surface area of the sediments ranged also widely from 0.03 to 0.7 m 2 g −1 . In Fig. 6 , the K d values are plotted against specific surface area data, which were only available for the samples taken from 2016 to 2018 ( Table 3 ). The data were fitted to a power function. Even though timings of sampling for both parameters did not match, a best-fit curve with a coefficient of determination (r 2 = 0.78) was obtained as follows:
where S is a specific surface area (m 2 g −1 ) of bottom sediment. This relationship suggests that spatial variation of K d in the coastal waters around Japan reflects the grain size distribution in the sediments. The notably highest K d values from Aomori may be ascribed to the relatively large specific surface area of sediment there compared with most of the other monitoring sites ( Table 3 ).
The IAEA [5] recommended the K d value of Cs for an ocean margin is 4 × 10 3 . Apparent differences of the K d values between the recommended one and measured ones shown above may arise from the difference in the ways to 
Temporal change of K d before the FDNPP accident
As can be inferred from the relationship of effective halflives between bottom seawater and bottom sediments ( Fig. 4) , the geometric means of K d in the coastal waters around Japan increased from 640 in 1984 to 1400 in 2010 ( Fig. 7) . And those in the waters off Miyagi, Fukushima, and Ibaraki Prefectures increased from 520 to 680 in the same period. Uchida and Tagami [24] compiled data of 137 Cs concentrations in seawater and sediment from 1964 to 2010 in the coastal waters around Japan and calculated K d values, for which geometric means were then summarized for every ten years, starting with 1970. Except for 1964-1969, the geometric mean values have been in an increasing trend from 260 to 580. Uchida and Tagami [25] suggested that 137 Cs partially became less mobile after a long contact period in sediment. During 1964-1969, the impact of global fallout on the environment should be the highest leading to the largest K d values. Fig. 8a . The 137 Cs concentration in the water in the coastal area is thought to be controlled mainly by the open ocean water mixing, as suggested by the facts that the monitoring areas are fully open to the vast reservoir of the Pacific Ocean and the Japan Sea and there is virtually no difference in effective half-lives between the coastal area (Table 1 ) and open ocean [18] . In other words, the main mechanism that reduces the concentration in the coastal water is due to the vertical mixing of surface water with deeper, cleaner intermediate and deep water in the open ocean.
As can be seen in Fig. 2a , the exponential decrease of 137 Cs concentrations in the surface and bottom waters has been observed in the coastal water so that the temporal trend of total activity of 137 Cs, A w (Bq), in a seawater box can be formulated as follows:
where A w0 is total activity of 137 Cs in the seawater box on March 1, 1984 and k 1 is declining rate of the activity due to the physical decay of 137 Cs and water mixing with deep cleaner water in the open ocean. Obviously, the seawater box has input from the sediment and output to the sediment (Fig. 8a) . However, due to the possible rapid water exchange with the open ocean which has an overwhelmingly vast (4) A w = A w0 e −k 1 t mass, the two terms can be omitted from the mass balance calculation in seawater. This assumption is justified because water exchange can be expected to be the dominant mechanism to control the 137 Cs activity concentration in the seawater as the residence time of seawater in the continental shelf of eastern Japan has been estimated, by two independent research teams, to be 27-32 day [25] or 59 day [12] , which is much shorter than the effective half-lives of 137 Cs in seawater ( Table 1 ). The activity of 137 Cs in the sediment is then described as follows:
where A s is total activity of 137 Cs in the sediment box (Bq m −2 ), k 2 , is removal rate of 137 Cs from the overlying water to the bottom sediment (year −1 ), and k 3 is removal rate from the bottom sediment; k 2 is assumed to be related to the scavenging of dissolved Cs in seawater and adsorption to the surface of the bottom sediment particles and k 3 is controlled by physical decay of 137 Cs, and dissolution, desorption and resuspension of the bottom sediment and its subsequent lateral transportation.
Both sides of Eq. (4) were then divided by a volume of seawater (V, L) to get a concentration-based equation as follows:
where C w and C w0 are 137 Cs concentration (Bq L −1 ) in seawater and 137 Cs initial concentration (Bq L −1 ) on March 1, 1984. In the same way, Eq. (5) was converted to a concentration-based equation:
where C s is 137 Cs concentration in sediment (Bq kg −1 ) and M is mass (kg) of sediment.
Equation (6) was substituted into Eq. (7) to get Eq. (8).
Equation (8) was solved under the conditions of C s = C s0 and C w = C w0 at t = 0 on March 1, 1984. By fitting the observed data to Eq. (6), a solution of Eq. (8) and C s /C w, temporal changes of K d , were evaluated for all the regular monitoring sites around Japan and for just those in the waters off Miyagi, Fukushima and Ibaraki Prefectures. As can be seen in Supplementary Table S1 , 137 Cs concentrations in bottom seawaters have in general lower than those in surface seawater especially in the areas with greater water depth. The geometric means of 137 Cs concentration in the bottom water were used for C w in the fitting because they may be influenced by processes in water-sediment reactions shown in Eqs. (6) and (7) . By the same token, the geometric means of 137 Cs concentration in the surface sediments were used for C s . Curve fitting was done using a Mathematica ® command NonlinearModelFit function. Equation (9) is the best fit curve for temporal change of K d(a) for all the regular monitoring area;
The best fit curve is also shown in Fig. 7 . The average K d values in the coastal waters around Japan increased with time from 597 on March 1, 1984 and eventually converged to 1030. The converged K d value was termed as K d∞ . In the system shown above, while concentrations of 137 Cs in both sediment and overlying water decreased with time, their
ratio increased with time and will eventually converge to a constant value, K d∞ . A water-sediment system with a K d∞ is seemingly in an equilibrium state. In the previous section, the system was assumed to be under a quasi-equilibrium but it should be rather under a dynamic equilibrium mainly controlled by the physics of seawater and bottom sediment.
Regression analysis was also done for the data obtained for the period from 1984 to 2010 in the waters off Miyagi, Fukushima, and Ibaraki Prefectures where the impacts of the FDNPP accident were the most severe afterward: Eq. (10) is the best fit curve derived and shown in Fig. 7 .
The K d values increased from 520 in 1984 to the K d∞ value of 1560. A smaller increase rate and higher K d∞ value, compared to that for all the data obtained around Japan, may be attributed to differences in physical characteristics of the bottom sediment such as silt + clay content and specific surface area: Miyagi, Fukushima, and Ibaraki areas have relatively smaller silt + clay content and smaller specific surface area (Fig. 6 ). However, a detailed mechanism to control the temporal change of K d needs to be studied further.
Temporal changes of K d(a) since the FDNPP accident
After March 11, 2011, mass balance of 137 Cs in the areas close to the accident site such as the waters off Miyagi, Fukushima, Ibaraki Prefectures was completely disturbed so that K d in any sense of the word is inappropriate for the situation. "K d(a) " used in this section is merely a ratio of 137 Cs concentration in sediment to that in seawater, which is assumed to be a value in the transient state of the system and may (or may not) go back to the value observed before the accident.
The calculated K d(a) values varied depending on different factors which influenced the temporal changes of 137 Cs activity concentrations in bottom seawater and sediments. Line plots were used for the data from the areas where the impact of the accident was the highest (see Fig. 2 
)
To compare temporal trends and geographical variation of K d(a) among the monitoring sites, a calculated post-accident K d(a) value was divided by the pre-accident 5 year average to get a normalized K d(a) . The normalized K d(a) was set at a value of 1 for March 11, 2011 ( Fig. 9 ). The impact of the FDNPP accident was only evident in the K d(a) values of Miyagi, Fukushima, and Ibaraki Prefectures although the patterns of temporal changes differed among the three areas. For the data from the Niigata area (Fig. 2b) , there were relatively higher normalized K d(a) values than those of the rest of the sites for the monitoring period due to the possible inflow of Fukushima-derived 137 Cs via riverine transportation [26] . Whilst the normalized K d(a) values in the Miyagi area rose by at most 30-fold in two months after the FDNPP accident, they dropped by a factor of ten in Ibaraki Prefecture in almost the same period. The values at two sites in the Fukushima area decreased by 50% and those at the remaining six sites increased. Upon arrival of the contaminated water, the K d(a) was thought to decrease because most of the sampled bottom sediment was not yet contaminated [20] . Schematic diagrams for temporal changes of 137 Cs activity concentration in seawater and bottom sediments, and K d(a) are presented in Fig. 10 . The contaminated water mass migrated to the north initially after the FDNPP accident, and then part of the contaminated water mass moved to the south [9] . Considering the pathway of the polluted water mass, a decrease in the K d(a) (at around t 1 in Fig. 10 ) should have occurred before the first samples were taken in Miyagi and part of Fukushima Prefectures. In other words, the samples were collected after around t 2 in Fig. 10 when the 137 Cs in sediment reached the maximum. Since the contaminated water arrived later at the southern part of the monitoring area, a significant decrease of K d(a) occurred for Ibaraki, i.e., the samples were taken at around t 1 when the 137 Cs concentration in seawater was the highest. Subsequently, the K d(a) in all three areas became almost constant or slightly declined. Even among the three areas affected by the FDNPP accident up to 2018, the K d(a) values varied about ten-fold.
The K d(a) values based on the extended monitoring are shown in Fig. 3c . They ranged from 10 2 to ~ 10 5 . Their geometric mean started increasing from ~ 5000 in September 2011 and reached the maximum of ~ 10 4 in 2013. After that, the mean gradually decreased by variable degrees.
A post-accident model similar to the one described by Eqs. (4)-(8) is presented to elucidate the temporal change of K d(a) following the accident. A schematic diagram for the model is shown in Fig. 8b . 137 Cs newly added to the seawater decreased in a different way than the one described for the pre-accident model; it was most likely by dispersion to the surface water in the open ocean [e.g., 27]. The temporal change of total 137 Cs activity in the seawater box can be, thus, expressed as follows:
where A w1 and A w2 are activities of 137 Cs (Bq) on March 11, 2011 in the water derived from global fallout of atmospheric nuclear weapons testing and the FDNPP accident, respectively, and k 4 is the decrease rate of the latter component. Equation (11) can be rewritten in the same way as Eq. (4).
Change of Cs activity in sediment was expressed identically to that of Eq. (7) .
Equations (12) Equations (12) , (14) and (15) were fitted to geometric means of 137 Cs concentrations in bottom water and sediments, and their K d(a) values were obtained in the waters off Miyagi, Fukushima, Ibaraki and Chiba Prefectures (Fig. 1b, the  extended monitoring area) . The data used for the regression Fig. 10 Schematic diagram of temporal changes of 137 Cs concentrations in seawater and sediment, and K d(a) after the accident in the waters off Fukushima and nearby prefectures. "t 1 ", "t 2 ", and "t 3 " illustrates times when each curve reaches at its maximum after the accident analysis covered a time span from September 2011 to January 2019 (i.e., after t 2 in Fig. 10 ).
The following is the best fit curve for the K d(a) ;
Equation (16) is also plotted in Fig. 11c . It should be noted that the grey marks in the figures were calculated from limited data sets so that they were omitted from the curve fittings. As shown in the previous sections, 137 Cs concentrations in seawaters derived from the accident decreased more quickly than those in sediments; as of January 2019, the former were almost at the same level as before the accident and the latter were still one order of magnitude higher (Fig. 2) . Consequently, the best-fit curve for K d(a) reached the maximum (10,400) around January 2013 and decreased gradually. The curve fittings revealed that even though the concentrations of 137 Cs in bottom seawater and surface sediment have decreased with time, K d(a) will not return to the pre-accident level (~ 600), but converge to the K d∞ of 6240 in the waters off Fukushima and nearby prefectures. The model presented here for the post-accident situation was applied to a period from t 2 in Fig. 10 to present based on the assumption that 137 Cs input to the monitoring area was instantaneous. Thus, the continuing input of 137 Cs from the accident site [12] to the extended monitoring area was ignored in Eqs. (11) and (12) . Buesseler et al. [28] estimated that 137 Cs input was five to six orders of magnitude higher for the first month after the initial release than that of 2013 and 2014. Although the average concentration in seawater was still higher than the pre-accident level as of 2018, that was due to the continuing release from the accident site, the mass balance of 137 Cs in the coastal waters should not have been affected by this release. Addition of a third term to Eqs. (11) and (12) would have changed the shape of the best-fit curve initially. However, the temporal trend of K d(a) values should not be affected significantly because most of the 137 Cs in the sediment was likely brought to the site in the first several months and release of 137 Cs from the accident site has been decreasing so that the continuing release of 137 Cs from the accident site should be negligible in the mass balance calculation for the seawater-sediment system in the water off Fukushima and nearby prefectures.
The post-accident model above is site/event specific. Oceanographic conditions, release modes of radionuclides (continuous or instantaneous), and magnitude of environmental contamination as well as the physical characteristics of bottom sediments may be key factors to elucidate the behavior of 137 Cs in coastal waters.
Conclusions
K d values for 137 Cs in the coastal waters around Japan have been calculated for 1984-2010 when only global fallout was the dominant source of 137 Cs to the marine environment. They varied largely in a range from 175 to 7541 with a geometric mean of 920. The variation was well correlated with the specific surface area of the bottom sediments. Thus, while K d values were suggested to be determined initially by the surface reaction between bottom sediments and overlying seawater, the temporal change of the values was also observed; they increased with time and converged to K d(a)∞ . Temporal change of K d(a) was also observed following the Fukushima DNPP accident. K d(a) increased initially and then decreased; it will finally converge to K d(a)∞ which will be about ten times the pre-accident value.
The models presented here were obviously simplified for systems which have highly variable parameters. Application of average values to these models was one reason to avoid complexity. In addition, diagenetic processes such as a two-step process including fast and slow reversible adsorption-desorption in sediments and vertical migration of 137 Cs as particles or a dissolved form in the pore space were not taken into consideration [e.g., 29, 30] . However, the conclusions drawn from the simple pre-and post-accident models based on geometric means in a wide area should hold in general; they are: (1) even before the Fukushima accident the water-sediment system with respect to 137 Cs had been in a transient state with a temporally changing K d approaching K d∞ ; and (2) once significant amounts of 137 Cs were added to the system, the system shifted to a newly established transient state for the K d(a) values approaching a higher K d∞ value. Such long-term retention of 137 Cs (over a decadal time scale) would be consistent with data observed in the US nuclear test grounds of the Bikini and Enewetak Atolls where the ratios of activity concentration of 137 Cs in sediment to that in seawater remain elevated more than 60 years after the tests [31] .
